To appraise the efficacy of CD151-induced myocardial therapeutic angiogenesis in a pig myocardial infarction model. Methods: CD151 and anti-CD151 were constructed into the recombinant adeno-associated virus (rAAV) vector. All 26 pigs were subjected to coronary artery ligation or no surgery. Eight weeks after coronary artery ligation, the expression of CD151 was measured by Western blot and immunostaining. Capillary density was evaluated using immunostaining for von Willebrand factor (vWF).
Introduction
Gene therapy is a potential new treatment for patients unsuitable for conventional revascularization strategies. Myocardial ischemia is one of the most promising targets of gene therapy. A large amount of experimental data evaluated in various animal studies have shown the benefit of therapeutic angiogenesis, which make the restoration of myocardial blood flow become possible after myocardial ischemia [1, 2] . CD151 (also known as PETA-3 or SFA-1) is a member of the transmembrane 4 superfamily (TM4SF) that is comprised of four transmembrane domains, two extracellular and one intracellular loops, and NH 2 -and COOH -terminal intracytoplasmic domains [3, 4] . CD151 protein is expressed in various cell types including epidermal basal cells, epithelial cells, skeletal, smooth and cardiac muscle, endothelial cells, platelets, and schwann cells [5] . Coimmunoprecipitation of CD151 shows its association with β1, β3, β4, α2, α3, α5, and α6 integrin chains [6] . Several studies have demonstrated CD151 and integrins form α6β4, α6β1, α3β1 complexes, and the CD151-α3β1 integrin complex unusually has high stoichiometry, proximity and stability [6, 7] . Based on the structural properties of CD151, Hemler et al have proposed a "transmembrane linker" model and CD151 is reported to regulate the signal transduction through the integrin complex [7] [8] [9] . Although the physiological function of CD151 is largely unknown, in vitro functional studies show CD151 is involved in the cell migration, spreading, adhesion and morphology [4] [5] [6] [7] [8] . Recent researches suggest a role of CD151 in angiogenesis. Antibody against CD151 protein inhibits the migration of endothelial cell, decreases the ability of endothelial cells to invade Type I collagen gels, and inhibits in vitro capillary formation [6, 8, 10] . The human umbilical vein endothelial cells (HUVEC) transfected with CD151 have increased ability of proliferation, migration and cable formation on matrigel [11, 12] . Our group has shown that in vivo CD151 gene delivery increases the number of microvessels in a rat hind-limb ischemia model and a rat myocardial ischemia model [13, 14] . These researches have identified CD151 as a potential target for therapeutic angiogenesis.
The aim of gene therapy is focused more on enhancing collateral vessel growth, thereby increasing blood flow, than on increasing the number of microvessels [1, 15] . However, whether CD151-induced neovascularization can effectively promote the blood flow is still unclear. To further research, the purpose of present study was to determine the myocardial perfusion of the rAAV-mediated CD151 gene delivery in a pig acute myocardial infarction (AMI) model.
Materials and methods
Materials PzeoSV-CD151 plasmid was given as a gift by Dr Xin ZHANG, Department of Molecular Science, University of Tennessee Health Science Center (Memphis, Tennessee, USA). Goat anti-human CD151 and mouse anti-β-actin antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA). Mouse anti-vWF was from Invitrogen (Boston, USA). Enhanced chemiluminescnet (ECL) substrate was from Pierce (Rockford, Illinois, USA). Dulbecco's modified Eagle's medium (DMEM) culture medium was purchased from Gibco (Los Ageles, CA, USA).
[α-
32 P]-dCTP (3000 Ci/mmol) was from Rui FU Biological Engineering Company Nucleic acid Laboratory (Beijing, China).
Preparation of rAAVs and quantitation of viral titers The construction of rAAV vector plasmid dsAAV-CD151 and dsAAV-antiCD151 had been described before [16] . The packing and production of the rAAV-GFP, rAAV-CD151 and rAAV-antiCD151 were carried out using a triple-plasmid cotransfection method in 293 cell lines [17] . The cells can be transfected at 70% to 80% confluence. A total of 85 mg of plasmid DNA (the molar ratios of dsAAV-GFP or dsAAV-CD151 or dsAAV-antiCD151 to pXX2 and pHelper were 1:1:1) was dissolved in 0.25 mol/L CaCl 2, quickly mixed with 2×BES [N,N-bis(2-hydroxyethy) taurine]-buffered saline, and added to the cells in 15-cm plate. The cells were harvested at 48 to 72 h after transfection. After 3 cycles of freeze-thaw and centrifugation, the rAAVs were remained in supernatant. Then the single step gravity-flow column purification was applied. The eluted rAAVs were divided into aliquots and stored at -80°C. The titer of vector particles was determined by the quantitative DNA dot-blot hybridization.
Myocardial infarction and intramyocardial gene delivery A model of AMI was created in 3-month-old male pigs (Animal Apply Center, Huazhong Agriculture College, Wuhan, China) weighing (24±2) kg. Animals were randomly divided into 4 groups but 3 groups underwent coronary artery ligation. Briefly, pigs were sedated with intramuscular diazepam (0.05 mg/kg), atropine (0.05 mg/kg), ketamine (20 mg/kg), intubated, and sedation was maintained with thiopental sodium (2.5-4 mg·kg -1 ·h -1 ) and pancuronium (0.1-0.15 mg·kg -1 ·h -1 ). A limited left thoracotomy was performed in a sterile fashion through the fifth intercostal space and a small incision was made in the pericardium. The heart was exposed and suspended in a pericardial sling. A silk suture was set at 1/3 marginal branch of the left anterior descending (LAD) coronary artery and ligated 20 min later. Proper occlusion of the coronary artery resulted in AMI comprising a major part of the left ventricle free wall, with small variations in size. Coronary occlusion was confirmed by the presence of raised ST stages on the electrocardiogram and ventricular arrhythmias within the 1st 20-30 min after occlusion.
Four groups were assigned as control group (normal pigs), rAAV-GFP group ( AMI+ rAAV-GFP), rAAV-CD151 group (AMI+ rAAV-CD151) and rAAV-antiCD151 group (AMI+ rAAV-antiCD151). Gene delivery was performed by direct intramyocardial injection. Each vector was injected at 10 sites, each in 200 μL phosphate buffered saline solution, pH 7.4, along the region of LAD distribution (1×10 11 pfu/injection). The sites of intramyocardial injection were marked with India ink for subsequent identification. The pericardium and chest were then closed and these pigs were allowed to recover. During 3 days after surgery, pigs received intramuscular penicillin 1.6 million U/d, oral Aspirin 75 mg/d. Experimental protocols complied with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Academy of Sciences of China. 3 PET was taken in all pigs 8 weeks after the vector administration. Pigs were sedated as above and anesthetia was maintained with intravenous 3% sodium pentobarbital (30 mg/kg). One third of the total amount was given first and 6 mL was added every 30 min according to the anesthetia conditions. Pigs were placed in the dorsal position in a Discoery LS PET/CT system (GE, USA). During anesthesia, pigs received intravenous 555-740 MBq (15-20 mCi) bolus of 13 N-NH 3 and were scanned 20 min later. Image analysis was acquired in an analogous fashion, strata thick 4.25 mm, matrix 128×128, a "step-and-shoot" mode over a 180-degree body-contouring orbit. The cloud plots were constructed by nesting the ventricular short-axis images. For each animal, a summed regional ischemia score and the defect area percentage were obtained by Cardiac Toolbox.
Immunohistologic evaluation Samples were taken from the left ventricular territory around the previously marked sites. One section of every sample was stained with hematoxylin and eosin, other sections of tissue samples were stained for vWF and CD151. In brief, sections were deparaffinized and microwave treated for 10 min twice in 10 mmol/L sodium citrate (pH 6.0). Endogenous peroxidase in the section was blocked by incubating them in endogenous peroxidase blocking solution for 10 min at room temperature. Primary antibody was at a 1:50-1:100 dilution at 4 °C for 18 h. After washing 3 times with PBS, sections were incubated with biotin conjugated secondary antibody for 10 min. They were then washed 3 times with PBS, treated with streptavidin peroxidase for 10 min, and washed again with PBS 3 times. Finally, specimens were incubated in DAB for 3-5 min.
The densities of capillaries were evaluated according to the methods described before [18] . The five most blood-vessel rich regions were selected, and the microvessels within ×400 microscopic field of each region were counted by two investigators. The density of capillaries in each field was evaluated by counting vessels in a total of 5 high-power fields per region per heart under ocular micrometers (Olympus).
Western blot analysis Tissue samples of 4 to 6 pigs per group were taken from the infarcted area around the previously marked sites. The tissues were homogenized in 500 μL of 25 mmol/L Tris-HCl (pH 7.4) containing 1% Triton X-100, 0.1% SDS, 2 mmol/L EDTA, and 1% protease inhibitor and centrifuged at 14 000×g for 30 min at 4°C. The supernatants were used for Western blot analysis, with specific primary antibodies detecting CD151. The HRP-conjugated secondary antibodiy was used to reveal the specific protein bands with ECL detection reagents. The intensities of protein bands were quantified by densitometry.
TTC staining Three pigs per AMI surgery groups were sacrificed for evaluation of regional myocardial infarct by staining with triphenyltetrazolium chloride (TTC) (Shanghai Chemical Agent Plant, Shanghai, China). The left ventricle of each heart was sectioned into several rings (6-7 mm in the thickness) in the short axis. TTC 2% was freshly prepared using PBS solution, pH 7.4. The staining heart slices were photoed further.
Statistical analysis Data were expressed as mean±SEM. Comparisons of parameters among the 4 groups were performed by one-way ANOVA, followed by Newman-Keuls test for unpaired data. Comparisons of parameters between 2 groups were made by unpaired Student's t test. P values of < 0.05 were considered statistically significant.
Results

Construction of swine myocardial infarction models
All of 26 animals entered into the study, 22 pigs (Control group, n=4; rAAV-GFP group, n=6; rAAV-CD151 group, n=6; rAAV-antiCD151 group, n=6) survived and other 4 pigs died. The data related to the myocardial infarction in the distal LAD coronary artery region in the pigs were presented in two ways: (1) HE stainings of AMI groups showed large chaotic fibrous tissue instead of normal regular cadiocyte ( Figure 1A) ; (2) The color of myocardial infarction area received TTC staining changed to white without being dyed, but normal myocardium area was dyed brick-red ( Figure  1B ).
Expression of CD151 in different swines myocardium
Western blot showed the expression of CD151 protein was increased significantly in the rAAV-CD151 group compared with the Control group and rAAV-GFP group (P<0.05), but decreased dramatically in the rAAV-antiCD151 group (P<0.05). There was no significant difference of the CD151 expression between the Control and rAAV-GFP groups (P>0.05) (Figure 2A, 2B) .
Consistent with the Western blot results, the S-P immunostaining of CD151 showed that most vascular endothelial cells and myocardial cells were stained obviously dark brown in the rAAV-CD151 group, but the Control group and rAAV-GFP group staining were mainly expressed at some vascular endothelial cells and several myocardial cells surface. rAAVantiCD151 group staining was quite light ( Figure 2C ). These results indicate that rAAV-CD151 administration increases myocardium tissue CD151 protein expression. Effect of CD151 on the myocardium capillary density Blood vessels were highlighted by immunostaining for vWF. The endothelial cell dyed brown, single or cluster, was counted as one vessel. The blood vessel whose diameter exceeded 8 akaryocyte diameters or the muscular layer was visible would not be counted in the total numbers. The density of total capillaries was dramatically higher in the rAAV-CD151 group than in the Control group and rAAV-GFP group (P<0.05), whereas rAAV-antiCD151 group had lower density compared with the rAAV-CD151 group (P<0.05) (Figure 3 ). These data suggest that CD151 plays a critical role in the microvessels formation.
Effect of CD151 gene delivery on myocardial perfusion [ 13 N]NH 3 PET images were divided into three different axis: short-axis images, vertical-axis images and horizontalaxis images ( Figure 4A ). Eight weeks after vector administration, Control group showed normal myocardium blood perfusion in pigs. There was no apparently reduced perfusion. Images of rAAV-GFP group typically demonstrated a characteristic reduced perfusion corresponding to the occluded distal LAD distribution: radioactivities of apical, left ventricular anterior wall and some septal wall displayed degraded distribution. rAAV-CD151 group exhibited improved myocardial blood perfusion in three axis, although there was still a little reduced radioactivity distribution in apical region. Images ofrAAV-antiCD151 group exhibited perfusion defect, and most images revealed hyperdispersion and decreased perfusion.
Regional ischemia scores were different in four groups. Control group showed zero ischemia score. rAAV-CD151 group demonstrated significantly lower regional ischemia score compared with rAAV-GFP group (P<0.05, Figure 4B ). The regional ischemia score in rAAV-antiCD151 group was much higher compared with rAAV-CD151 group (P<0.05). Therefore, the CD151 gene transfection improves the blood perfusion.
Effect of CD151 gene delivery on myocardial defect area The cloud plots were constructed by nesting the ventricular short-axis image segments. There is no apparently defect in Control group. Three other groups showed different images. Their defect area was mainly at apical, anterior wall and septal wall ( Figure 5A ). In contrast, the defect area percentage was significantly lower in the rAAV-CD151 group than that in the rAAV-GFP group (P<0.05), but greatly higher in the rAAV-antiCD151 group compared with the rAAV-CD151 group (P<0.05) ( Figure 5B ). These results demonstrate that CD151 transfection reduces the defect area.
Discussion
The present study demonstrates that rAAV-mediated transfer of the cDNA of CD151 directly into the myocardium of pigs with an occluded LAD results in greatly increased microvessels and significant improvement in regional myocardial perfusion. Importantly, this improvement is associated with reduced regional myocardial ischemia and defect area. Hence, these data show that overexpression of CD151 promoted efficient neovascularization.
Angiogenesis is the formation of new blood vessels from preexisting vessels, a physiological or pathological neovascularization process in response to tissue ischemia and tumor growth or metastasis. The formation processes of new blood vessels involve endothelial migration and proliferation, extracellular proteolysis, endothelial differentiation (capillary tube formation), and vascular wall remodeling. When plated on basement membrane matrix (Matrigel), endothelial cells often form an anastomosing cellular network, which mimics in vivo angiogenesis. Data gathered from studies in vitro identify the function of CD151 in the endothelial cell migration, proliferation and cellular cable formation [6, 8, 10, 11] . The appearance of cord-like structures on matrigel been disrupted by antibodies to CD151 (mAb 5C11) is seen in NIH3T3 cells and HUVECs [6, 8] . In in vivo studies, our group has demonstrated that rAAV-mediated CD151 gene transfer stimulates the formation of capillaries and collateral vessels in a rat hind-limb ischemia model [14] ; overexpression of CD151 increases the number of microvessels in the rat ischemic myocardium, significantly improves the hemodynamic variables after myocardial infarction at 4 weeks after coronary ligation [13] . Thus, these studies suggest that CD151 contributes to angiogenesis in particular and our choice of CD151 for this study is based on above findings.
In the present study, we further explored CD151-induced myocardial angiogenesis and focused on the myocardial blood perfusion in pig model, a large animal model useful for mimicking human heart pathology. Results showed the capillary density of rAAV-CD151 group was higher than Control and rAAV-GFP groups. In the rAAV-antiCD151 group, when the CD151 protein expression was decreased, the density of capillary was lower. This result was consistent with our early studies. However, newly formed capillary tubes lack vascular smooth muscle cells, which is unable to sustain proper circulation and adapt to changes in demands of blood supply [19] . Areas completely deprived of blood flow will undergo necrosis and form fibrous scar tissue in the healing process, whereas tissue receiving insufficient blood flow turns into a power save mode of hibernating, viable myocardium. Therefore, restoration of heart function is dependent on the restoration of blood flow [15] . Our results of [ 13 N]NH 3 PET images showed myocardial blood perfusion was obviously improved in the rAAV-CD151 group and the defect area was reduced, but reversed changes happened in the rAAVantiCD151 group. Therefore, CD151 gene delivery can help to retrieve the myocardial blood perfusion, which is really helpful to compensate the blood loss because of coronary occlusion.
How could CD151-induced neovascularization promotes the blood flow? As we know, arteriogenesis is the rapid proliferation of preexisting collateral arteries. These arteries have the ability to increase the lumen by growth and to provide enhanced perfusion to the jeopardized ischemic regions [15, 19] . So, except for angiogenesis, CD151 may induce arteriogenesis so as to promote the myocardial blood perfusion. On the other hand, CD151 may play critical roles in the maturation of capillaries. CD151 is reported to interact and activate matrix metalloproteinese-7 (MMP-7), to modulate the production and expression of MMP-2 and MMP-9 [20] [21] [22] . These MMPs play key roles in the degradation of basement membrane, which is an important step in the maturation of capillaries. The growth vessel from maturated capillaries, acquisition of smooth muscle cell coat, will be helpful to blood flow. Moreover, CD151 also forms an structural and functional complex with hepatocyte growth factor (HGF) receptor c-Met [23] . CD151 acts as a molecular controller for the signal pass through HGF/c-Met signalling pathway and influences the HGF-dependent phenomenons, which has been reported to improve collateral vessel growth in animal models of hindlimb and myocardial ischemia [2, 24] . In this way, CD151 is likely to influence the function of other 3 PET. Control group demonstrated no apparently defect of normal pigs. rAAV-GFP, rAAV-CD151 and rAAV-anti-CD151 groups had defect area mainly in the apical, septal wall and anterior wall. 1, Control group; 2, rAAV-GFP group; 3, rAAV-CD151 group; 4, rAAVanti-CD151 group. (B) Quantitative analysis of the defect area. The defect area percentage was significantly decreased in the rAAV-CD151 group than that in the rAAV-GFP group. Z, the defect area percentage was zero. Data represent mean±SEM (n=4-6).
b P<0. 05 vs rAAV-GFP group; e P<0.05 vs rAAV-CD151 group.
angiogenic factors, stimulate neovascularization and improve blood perfusion. Our choice of an rAAV-mediated delivery strategy for the treatment of cardiac ischemia is based on the specific characteristics of rAAV vector. Genes encoding angiogenic factors can be delivered either nonvirally using plasmid constructs or using viral vectors. Plasmids are easy to produce and safe, but their main drawback in myocardium is a very low transduction efficiency [25] . rAAV vector holds a number of attractive features, including natural tropism to muscle tissue, lack of cytotoxicity, ability to transduce both dividing and non-dividing cells, and transgene expression lasting up to a year after gene transfer [26, 27] . Our findings also indicate that rAAV is an efficient vector for in vivo transfer and that rAAVmediated CD151 gene transfer provides effective and longlasting expression of therapeutic genes into the myocardium.
In conclusion, the primary significance of the observations in the present study is that direct myocardial administration of an rAAV vector containing the CD151 cDNA enhanced myocardial perfusion and reduced the defect area. These data further support that CD151 promotes angiogenesis and CD151-induced neovascularization is a beneficial response after AMI to increase perfusion in the ischemic area. Together, our studies should shed light on the CD151 as a new therapeutic strategy for the treatment of ischemic cardiovascular diseases.
